Abstract: This paper proposes an optimization based maximum power point tracking (MPPT) algorithm for selection of appropriate external rotor resistances of wound rotor induction generator (WRIG). The generator coupled with a Wells turbine is used in oscillating water column (OWC) wave power plants. The Wells turbine suffers with stalling behaviour that reduces the average output power significantly. Hence, the objective is to prevent aerodynamic stalling of the Wells turbine and hence maximizing the output power simultaneously. But inappropriate selection of rotor resistance leads to excessive power loss. Therefore, two approaches have been applied: (i) the rotor resistance values are selected manually by trial and error method or non-optimized approach (ii) a performance index has been derived and minimized using particle swarm optimization technique to obtain the optimized values of rotor resistance. Simulation results have been performed for turbine efficiency, output power and power loss in external rotor resistance. Finally, the proposed control approach is illustrated for two particular cases of regular and irregular waves.
Introduction
Our oceans covering two thirds of the earth's surface have enormous amount of energy stored in several forms such as waves, tides, salinity, etc. The theoretically estimated ocean wave energy across all over the globe is around 2 TW [1, 2] . In the past few decades, many technologies have evolved to obtain electricity from wave energy. These are generally classified into three parts: (i) Oscillating water column (OWC); (ii) Overtopping devices; and (iii) Oscillating body [3] . Out of these, the OWC wave energy conversion is widely accepted. Some of the methods for generating electrical energy from wave energy are discussed in [4] [5] [6] [7] .
Ocean waves have wide range of uncertainties which in turn create distorted electrical output. Hence, the role of control system becomes essential to achieve desired responses of wave energy conversion systems. A recent detailed survey of control methods for wave energy converters is given in [8] . In the context of OWC based Wells turbine generator system, the control objectives can be broadly classified as: (i) Air flow control; (ii) Rotational speed control; (iii) Maximization of output power. Excess of air flow rate causes stalling losses to Wells turbine which decreases the output power significantly. This can be prevented by implementing air valves with OWC that allows the Wells turbine to work with its maximum efficiency without any stalling behaviour. The use of valves also facilitates the generation of desired amount of power by changing the valve position correspondingly. Two types of air valves, by pass valve and throttle valve, can be used and the detailed study of the same is given in [9, 10] . If the Wells turbine drives a variable speed electrical generator then it allows more flexibility through rotational speed control which can be accomplished by varying the electromagnetic torque of generator through power conditioning. Turbine speed, when implemented using rotational speed control, is allowed to vary in line with highly varying and uncertain sea conditions [11, 12] . In [13] , the OWC equipped with a Wells turbine and a slip ring induction generator (SRIG) was studied. The rotor side of the SRIG was connected with external rotor resistances so as to change the rotor slip according to variations in the chamber pressure. This study was mainly concerned for improving the OWC plant performance at Trivandrum, India [14, 15] . The Wells turbine stalling problem was addressed where it was desired to limit the turbine flow coefficient under certain threshold value by regulating the rotor speed. The two resistance switching and continuous resistance switching control methods were proposed for rotational speed control. The control block was based on a look-up-table (LUT) with input as the chamber pressure and output as the external rotor resistance. The advanced versions of [13] could be found in [16] [17] [18] which were based on different power electronic converter control arrangements. The work carried out in [13] was also applied to solve the control issues of OWC plant of Mutriku harbour, Basque Country, Spain [19] . The external rotor resistance switching strategies were proposed in [20] [21] [22] [23] . In these studies, the main focus was to avoid the Wells turbine stalling behaviour. Studies in [20] [21] [22] were quite similar to [13] in terms modelling and control strategy whereas [23] proposed rotational speed control using neural network (NN). The NN approach was applied to train the LUT which was based on the chamber pressure and external rotor resistance as the input and output data respectively.
The external rotor resistance switching strategies proposed in the recent past were used for maximum power point tracking (MPPT) and for preventing Wells turbine stalling behaviour. The external rotor resistance switching strategies [13, [20] [21] [22] [23] were based on LUT prepared manually or with NN approach which does not provide the optimum results. Hence, there is a need of some optimization techniques to achieve the best outcome with optimised LUT based maximization of output power of OWC.
The present study proposes the maximization of output power of Wells turbine-generator based OWC wave power plant. Inappropriate selection of rotor resistance value leads to undue loss of power across it. Hence, the external rotor resistances have been picked using manual or trial and error or non-optimization approach initially and later using optimization approach. For optimization approach, a performance index has been formulated to calculate the optimized values of rotor resistances under different amplitudes and frequencies of the ocean waves. The performance index is minimized using particle swarm optimization (PSO) which in turn gives the optimum values of rotor resistances. The simulation studies have been performed with regular waves to achieve the maximized output power without any stalling losses at the turbine and minimized power losses across external rotor resistance. Finally, the proposed optimization approach has been validated under regular and irregular sea waves.
The rest of the paper is divided into the following sections: Section 2 explains the modelling of Wells turbine-generator system of OWC. Problem formulation is discussed in Section 3. The method to obtain maximized average power is given in Section 4. Numerical simulations and their outcomes are discussed in Section 5. Section 6 provides the concluding remarks. The references are listed in the end of the paper.
Modelling of OWC Wave Power Plant
The oscillating water column is classified as shoreline method for converting ocean wave energy ( Figure 1 ). As shown in the figure, the OWC chamber is a four-walled tank opened at the bottom to receive the oscillations of water level due to sea waves travelling towards coastal line. The OWC chamber is partly underwater and partly filled with air in the upper portion. At the top of the water column, a Wells turbine is mounted that drives the wound rotor induction generator (WRIG) connected to it through a gearbox. The chamber air is compressed and decompressed based on rise and fall in sea water level. Hence, the airflow caused by oscillatory motion of water is also oscillatory or bidirectional in nature but irrespective of it the Wells turbine is designed in such a way that its rotation is always unidirectional. 
Mathematical Background of Ocean Waves
Ocean waves are generated by wind or storm striking to the sea surface very far from seashore or by locally generated winds. This wind strike creates swells of water that reach towards coastal line in the form of waves. Many water wave theories have been proposed to study the characteristics of ocean waves [24, 25] . As shown in Figure 2 , the upper peak of wave is called crest while the lower peak as trough. The wave height (h) is the distance from crest to trough. The wavelength (λ) is the length between two consecutive troughs or crests whereas the sea depth (d) is the distance from sea bottom to still water level (SWL). The wave energy is generally defined as wave power per meter of the sea wave front [24] . Hence, the wave front power is expressed as:
where, ρw is water density (Kg/m 3 ), g is the constant of gravitation (9.81 m/s 2 ), T is the time period of one wave cycle (s). The input power available at the duct of the turbine is dependent on the flow rate of air same as the wind power. The input power is given by: 
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where, ρw is water density (Kg/m 3 ), g is the constant of gravitation (9.81 m/s 2 ), T is the time period of one wave cycle (s). The input power available at the duct of the turbine is dependent on the flow rate of air same as the wind power. The input power is given by: The wave energy is generally defined as wave power per meter of the sea wave front [24] . Hence, the wave front power is expressed as:
where, ρ w is water density (Kg/m 3 ), g is the constant of gravitation (9.81 m/s 2 ), T is the time period of one wave cycle (s). The input power available at the duct of the turbine is dependent on the flow rate of air same as the wind power. The input power is given by:
where, P in is the input power available for the turbine (W); dP is the differential pressure at the duct of turbine (Pa); ρ is the density of air (Kg/m 3 ); v x is the air speed (m/s); a t is the cross-sectional area of duct (m 2 ).
Wells Turbine
The Wells turbine has the input as air flow inside the OWC chamber that creates oscillatory pressure drop across the turbine rotor as shown in Figure 3 . The wells turbine is designed in such a way that it converts bidirectional air flow into unidirectional rotatory motion which drives the generator [26] [27] [28] [29] .
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where, Pin is the input power available for the turbine (W); dP is the differential pressure at the duct of turbine (Pa); ρ is the density of air (Kg/m 3 ); vx is the air speed (m/s); at is the cross-sectional area of duct (m 2 ).
The Wells turbine has the input as air flow inside the OWC chamber that creates oscillatory pressure drop across the turbine rotor as shown in Figure 3 . The wells turbine is designed in such a way that it converts bidirectional air flow into unidirectional rotatory motion which drives the generator [26] [27] [28] [29] . The mathematical equations of the Wells turbine are [26] : The mathematical equations of the Wells turbine are [26] :
where, C a is turbine power coefficient, C t is turbine torque coefficient, T t is turbine torque (N-m), P t is turbine power, q is air-flow rate (m 3 /s), φ is turbine flow coefficient, ω t is turbine speed (rad/s) η t is turbine efficiency, r is mean radius (m), l is length of blade chord, b is the height of blade, n t is number of turbine blades, k t is a constant (kg/m). Equation (9) suggests that Wells turbine efficiency depends on the values of coefficients of flow, power and torque. The variation in coefficients of power and torque against the coefficient of flow for a typical Wells turbine is shown in Figure 4 . The flow coefficient is directly proportional to air flow velocity as given in Equation (7). So, as air flow velocity is increased, the flow coefficient is also increased, which results into higher torque coefficient (C t ). However, this increase is limited to critical flow coefficient value of 0.3 as can be seen in Figure 4b . Thereafter, due to stalling phenomenon, the turbine efficiency drops significantly. The analysis on efficiency of Wells turbine is discussed in the next section.
where, Ca is turbine power coefficient, Ct is turbine torque coefficient, Tt is turbine torque (N-m), Pt is turbine power, q is air-flow rate (m 3 /s), φ is turbine flow coefficient, ωt is turbine speed (rad/s) ηt is turbine efficiency, r is mean radius (m), l is length of blade chord, b is the height of blade, nt is number of turbine blades, kt is a constant (kg/m). Equation (9) suggests that Wells turbine efficiency depends on the values of coefficients of flow, power and torque. The variation in coefficients of power and torque against the coefficient of flow for a typical Wells turbine is shown in Figure 4 . The flow coefficient is directly proportional to air flow velocity as given in Equation (7). So, as air flow velocity is increased, the flow coefficient is also increased, which results into higher torque coefficient (Ct). However, this increase is limited to critical flow coefficient value of 0.3 as can be seen in Figure 4b . Thereafter, due to stalling phenomenon, the turbine efficiency drops significantly. The analysis on efficiency of Wells turbine is discussed in the next section. 
Wound Rotor Induction Generator Equations
The d-q equivalent generator model has been considered in this paper [27, 30] . The mathematical equations of the stator and rotor voltages are:
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The expressions for the electro-magnetic torque (T e ) and the output power (P g ) are:
The relationship between currents and flux linkages are given by:
where The Wells turbine generator system coupling is given by:
where, J is moment of inertia of the coupled system (kg m 2 ), g b is gear-box ratio and g b = ω t /ω r .
Problem Formulation

Turbine Performance without Control
If the amplitude of pressure oscillations is increased due to incident waves of high amplitude, the value of flow coefficient exceeds the limit of 0.3. This in turn results into stalling behavior in Wells turbine, reducing the average turbine torque. This stalling behavior limits the overall performance of Wells turbine-SRIG system in terms of its turbine efficiency and generator output power.
For uncontrolled case, variations in average turbine torque (T t ) for various pressure amplitudes can be seen in Figure 5a . As observed, average torque increases in low pressure regime but for higher pressure range, it rolls down due to stalling of turbine. The mean efficiency [29] of the turbine (η t ) can be written as: Figure 5b shows the variation in average efficiency of the Wells turbine with respect to changes in pressure amplitude. It is clear that the turbine efficiency falls from 40% to 23% as pressure varies from 5000 Pa to 8000 Pa because of the stalling of turbine. Thus, regardless of higher pressure values, average output power remains low. This necessitates the implementation of an efficient control strategy so as to achieve the maximized output power and also to avoid the Wells turbine stalling. 
Why Appropriate Rotor Resistance?
The addition of rotor resistance controls the rotational speed of the WRIG but also incurs losses. The expression for power loss across externally connected rotor resistances can be given as: 
The addition of rotor resistance controls the rotational speed of the WRIG but also incurs losses. The expression for power loss across externally connected rotor resistances can be given as:
where, I r is the rotor current, R ext is external rotor resistance. For a particular pressure drop condition (i.e., dP = |7000 sin (0.314t)| Pa) inside OWC, the variation in generated power (P g ) and power loss (P L ) across R ext versus R ext is shown in Figure 6 . Initially, there is increase in P g and P L with the increase in R ext but after certain value of R ext , the P g starts decreasing whereas P L keeps on increasing.
Therefore, for maximizing P g and minimizing P L simultaneously, the maximum value of flow coefficient (i.e., φ max ) must be kept just below 0.3 (say 0.29). This can be done by increasing R ext but the R ext cannot be selected randomly; otherwise the system performance would degrade in terms of additional power losses and minimized output power.
Initially, there is increase in Pg and PL with the increase in Rext but after certain value of Rext, the Pg starts decreasing whereas PL keeps on increasing.
Therefore, for maximizing Pg and minimizing PL simultaneously, the maximum value of flow coefficient (i.e., ϕmax) must be kept just below 0.3 (say 0.29). This can be done by increasing Rext but the Rext cannot be selected randomly; otherwise the system performance would degrade in terms of additional power losses and minimized output power. 
Maximization of Average Output Power
The proposed control scheme is shown in Figure 1 . Based on different pressure drops, the rotor resistance is chosen in such a way that flow coefficient remains below 0.3. To achieve this objective, following strategies are applied in discussion: (1) the rotor resistances are selected manually in such a way that the ϕmax remains in the range 0.28 ≤ ϕmax ≤ 0.3. This approach is also called non-optimized approach. (2) The rotor resistances are optimized for a given peak reference ϕref close to 0.3. Hence, for second approach, a performance index has been formulated next.
Performance Index
Under field oriented control decoupling, the stator flux expression can be written as ψds = ψs and ψqs = 0. Therefore, from Equation (11):
As stator is connected to grid, the stator resistance can be neglected. Thus, Vds ≈ 0 and the expression for ψdr can be written as: 
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Performance Index
Under field oriented control decoupling, the stator flux expression can be written as ψ ds = ψ s and ψ qs = 0. Therefore, from Equation (11):
As stator is connected to grid, the stator resistance can be neglected. Thus, V ds ≈ 0 and the expression for ψ dr can be written as:
Now, in Equation (13), replacing R r by (R r + R ext ) and putting V dr = 0 gives: From Equations (7)- (27) , the expression for flow coefficient can be written as:
Equation (30) indicates that the flow coefficient can be modified according to rotor resistance. The value of external resistance added to rotor circuit of generator regulates the rotational speed of turbine and thus its output power (Equation (16)). The turbine speed is adjusted to avoid stalling phenomenon and keep flow coefficient at its desired value corresponding to maximum torque coefficient. Thus, to select the optimum values of rotor resistances for desired value of flow coefficient, the performance index (PI) can be defined as:
where, φ ref is reference peak of flow coefficient and φ max is the maximum value of flow coefficient for a particular rotor resistance corresponding to maximum average output power.
Particle Swarm Optimization
The performance index given in Equation (31) has been minimized using PSO [31, 32] a population-based optimization technique. The PSO has been chosen for optimization purpose in this work due to its wider acceptance and popularity among research community as compared to other kinds of algorithms. Some recent application of PSO in renewable energy can be found in [33, 34] . The following steps are involved in PSO algorithm:
Step 1: Initialization of particles with random position and velocity vectors. Evaluation of the fitness values of each the particles.
Step 2: Updating the individual best positions (p best ) and global best positions (g best ) according to best or minimum fitness values.
Step 3: Updating the velocity and position of particles in each iteration given as:
where, k is pointer of iterations, v k i is velocity of i-th particle at k-th iteration, w is the inertia weight factor = w max − [(w max − w min )/k max ] × k, w max and w min are the maximum and minimum values of w respectively, k max is the total number of iterations, c 1 and c 2 are the cognitive and social acceleration factors, rand () represents the uniformly distributed random numbers in the range (0, 1), x k i is position of i-th particle at k-th iteration, d is the search space dimension.
The step 2 and step 3 are to be repeated until the last iteration or error criteria is obtained.
Simulation Results and Discussion
The Wells turbine, generator and PSO parameters for performing simulations are given in Table 1 . As the focus of the proposed work is to keep the flow coefficient within its critical value and to avoid the turbine stalling condition, the peak amplitude of chamber pressure becomes the most important factor. With increase in peak of pressure amplitude, the flow coefficient breaches its critical value and the Wells turbine leads to stalling. Therefore, the variation of chamber pressure, where the information of peak pressure value is significant, can be represented by a sinusoidal waveform. In order to ensure the closeness of the sinusoidal chamber pressure to the realistic pressure pattern and evaluate the performance with MPPT algorithm, the numerical simulation is conducted over a wide range of sinusoidal pressure drops (5000 Pa to 8000 Pa) with given frequency of sea wave. The analysis of uncontrolled system in terms of turbine flow coefficient, average torque and efficiency is given Table 2 . It is observed that with increase in pressure amplitude, the flow coefficient is increasing whereas average turbine efficiency and output power is decreasing. Table 1 . Turbine, Generator and particle swarm optimization (PSO) parameters.
Turbine
Generator PSO
V s = 390 V, P rated = 55 kW Next, the rotor resistance values are selected manually using trial and error method as given in Table 3 . The first two columns of the Table 3 are also treated as LUT for implementing MPPT algorithm. With manual LUT approach the turbine flow coefficient is not bounded completely within φ ≤ 0.3. Therefore the Wells turbine stalling problem remains unresolved. Though the turbine efficiency and output power has enhanced as compared to uncontrolled system but there is more possibility of enhancing these parameters with optimised LUT. Now, the effectiveness of the proposed MPPT algorithm with optimised LUT for maximizing the turbine efficiency and electrical output power is studied. Simulation results are given in Table 4 wherein the flow coefficient is completely bounded within φ ≤ 0.3 and the turbine efficiency and output power has enhanced to more higher values than it was with manual LUT. A comparative analysis of output power for manual and optimised LUT is also shown in Figure 7 . The overall power extraction for dP = |7000 sin (0.314t)| Pa is provided in Table 5 wherein the power loss across R ext is also taken into account. In this situation as well the optimised LUT approach provides better results than the uncontrolled and manual LUT. Table 5 . Overall power extraction for dP = |7000 sin (0.314t)| Pa. Further, two case studies of regular waves and irregular sea wave conditions have been examined. For a regular wave, the variations in pressure drop inside the OWC is shown in Figure 8 , represented by dP = |7000 sin (0.314t)| Pa and the corresponding flow coefficient obtained for stalling phenomenon, manual LUT and optimised LUT based MPPT algorithm is shown in Figure 9 . The variation in output and average power is illustrated in Figure 10 . The output power obtained is 37.42 kW and 39.02 kW for manual LUT and optimised LUT based MPPT algorithm respectively. Further, two case studies of regular waves and irregular sea wave conditions have been examined. For a regular wave, the variations in pressure drop inside the OWC is shown in Figure 8 , represented by dP = |7000 sin (0.314t)| Pa and the corresponding flow coefficient obtained for stalling phenomenon, manual LUT and optimised LUT based MPPT algorithm is shown in Figure 9 . The variation in output and average power is illustrated in Figure 10 . The output power obtained is 37.42 kW and 39.02 kW for manual LUT and optimised LUT based MPPT algorithm respectively.
Further, two case studies of regular waves and irregular sea wave conditions have been examined. For a regular wave, the variations in pressure drop inside the OWC is shown in Figure 8 , represented by dP = |7000 sin (0.314t)| Pa and the corresponding flow coefficient obtained for stalling phenomenon, manual LUT and optimised LUT based MPPT algorithm is shown in Figure 9 . The variation in output and average power is illustrated in Figure 10 . The output power obtained is 37.42 kW and 39.02 kW for manual LUT and optimised LUT based MPPT algorithm respectively. The main challenge of the proposed control is to test the impact of real sea waves on the plant performance. Therefore, an irregular pressure waveform as shown in Figure 11 has been considered for validation of proposed MPPT algorithm. The corresponding variation in flow coefficient is shown in Figure 12 . It can be observed that ϕmax remains below 0.3 for optimised LUT whereas it exceeds for uncontrolled case and manual LUT. The output power for stalling phenomenon (without control), manual LUT and optimised LUT based MPPT algorithm is depicted in Figure 13 . The output power waveform has been enhanced with optimised LUT as compared to uncontrolled system and manual LUT. The main challenge of the proposed control is to test the impact of real sea waves on the plant performance. Therefore, an irregular pressure waveform as shown in Figure 11 has been considered for validation of proposed MPPT algorithm. The corresponding variation in flow coefficient is shown in Figure 12 . It can be observed that ϕmax remains below 0.3 for optimised LUT whereas it exceeds for uncontrolled case and manual LUT. The output power for stalling phenomenon (without control), manual LUT and optimised LUT based MPPT algorithm is depicted in Figure 13 . The output power waveform has been enhanced with optimised LUT as compared to uncontrolled system and manual LUT. The main challenge of the proposed control is to test the impact of real sea waves on the plant performance. Therefore, an irregular pressure waveform as shown in Figure 11 has been considered for validation of proposed MPPT algorithm. The corresponding variation in flow coefficient is shown in Figure 12 . It can be observed that φ max remains below 0.3 for optimised LUT whereas it exceeds for uncontrolled case and manual LUT. The output power for stalling phenomenon (without control), manual LUT and optimised LUT based MPPT algorithm is depicted in Figure 13 . The output power waveform has been enhanced with optimised LUT as compared to uncontrolled system and manual LUT. 
Conclusions
The MPPT algorithm works effectively for maximising output power of OWC plant under regular and irregular sea wave conditions. It was established that the Wells turbine suffers with stalling problem for lower rotor resistance whereas the power loss increases for higher values of rotor resistance. Therefore, the appropriate selection of rotor resistances was important to avoid stalling as well as to reduce the power loss. Hence, the rotor resistances were optimised using PSO by maintaining the flow coefficient close to threshold value (i.e., 0.2995). An LUT was prepared based on these optimised values with differential pressure as input and rotor resistance as output. The optimised LUT was compared to uncontrolled and manual LUT. The average turbine efficiency and average output power were maximized with optimised LUT. The optimised LUT performs better than manual LUT based MPPT algorithm in terms of turbine efficiency, output power and power loss across externally connected rotor resistances.
